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The Mn Kb fluorescence emission in MnO after photoionization and in 55Fe2O3 after radioactive electron
capture decay from the K shell have been measured using a crystal array spectrometer with an instrumental
energy bandwidth of 0.7 eV ~full width at half maximum!. Both compounds have a 3d5 valence electron
configuration in the ionic approximation. It is found that the spectral features after K capture in 55Fe2O3 are
shifted in emission energy and are sharper, compared to the spectra following photoionization in MnO, i.e., the
spectra exhibit a dependence on the mode of excitation. Crystal-field multiplet calculations including ligand-
to-metal charge transfer have been carried out for the 1s intermediate states as well as for the 3p to 1s (Kb)
radiative transition. The populated 1s intermediate states after photoionization are found to be spread over
several eV. In comparison, only the lowest-lying 1s intermediate states split by the weak (1s ,3d) exchange
interaction are populated after K capture. It is proposed that the differences in population of the 1s intermediate
states together with a term-dependent final-state lifetime broadening can account for the changes in the spectral
shapes due to the different modes of excitation.
DOI: 10.1103/PhysRevB.64.045109 PACS number~s!: 71.15.2mI. INTRODUCTION
X-ray spectroscopy is an established tool for probing the
electronic structure of 3d transition-metal compounds.1 A
number of techniques, such as photoemission spectroscopy,
x-ray absorption, and x-ray emission spectroscopy create a
hole in an inner shell in order to investigate the valence
electron configuration. With a deeper theoretical understand-
ing of the underlying processes, and further improving x-ray
sources, sophisticated experiments have been developed
~e.g., resonant inelastic scattering, magnetic dichroism2,3!
that give detailed information on the valence electron con-
figuration. Core-hole x-ray spectroscopy is applied in various
fields ranging from materials sciences to biochemistry. Ex-
amples are studies on Mn-oxide compounds with perovskite
structure that exhibit colossal magnetoresistance ~CMR!,4
high-Tc superconductors such as YBa2Cu3O7 ~Ref. 5!, and
metaloproteins like the 4-Mn cluster in the oxygen evolving
complex of the transmembrane protein complex PSII.6
In core-hole spectroscopy, the creation of a vacancy in an
inner shell causes a considerable readjustment of the elec-
trons. The ground-state Hamiltonian relaxes into the new
Hamiltonian that includes the core hole. The relaxation can
occur nonadiabatically yielding a valence electron configu-
ration of the excited state that differs from the valence elec-
tron configuration of the ground state. This imposes some
difficulties for the interpretation of the spectra if the goal of0163-1829/2001/64~4!/045109~10!/$20.00 64 0451the spectroscopy is to gain knowledge on the electronic
ground state configuration. In calculations, one has to extend
the one-electron picture and include electron correlation.
This can be done by considering more than one electron
configuration and assuming interaction between the different
configurations ~CI!.7 The effects of electron correlation in
x-ray spectroscopy of 3d transition metals have been studied
by several authors and only a few examples are mentioned in
the following.
The satellite structure in 2p absorption spectra could suc-
cessfully be explained within a ligand-to-metal charge-
transfer model.8–11 Taguchi et al. calculated the 3p photo-
emission spectra ~XPS!, the Kb fluorescence emission
~XES!, and the spin-dependent 1s absorption spectra of dif-
ferent Mn compounds by means of an MX6 cluster model
including three configurations.12,13 They treated the Kb
emission as a coherent second-order optical process and em-
phasized the influence of the core-hole potential on the 1s
excitation spectra. Kawai et al. analyzed the charge-transfer
effect on the linewidth of Fe Ka lines using a spin-
unrestricted DV-Xa molecular-orbital calculation.14 They
calculated the effective number of unpaired electrons in the
ground state and in the presence of a 1s hole and obtained
similar numbers for the excited states of FeO and Fe2O3
giving rise to almost identical Ka fluorescence emission.
Von dem Borne and collaborators performed 3p XPS mea-©2001 The American Physical Society09-1
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other configurations, 4s to 3d shake-down processes, which
can be considered the atomic equivalent to ligand-to-metal
charge transfer in solids and molecules.15 They distinguish
between weak and strong CI depending on the overlap be-
tween the interacting electrons. The former can be approxi-
mated by appropriate scaling of the direct and exchange
Slater integrals, while the latter requires explicit inclusion of
the strongly interacting configurations. Mukoyama and Uda
calculated the electron excitation probability due to the
change of the central potential upon inner-shell vacancy cre-
ation, relating their results to shake-up probabilities.16
This paper intends to contribute to the discussion and to
illuminate some aspects of the electronic relaxation after core
electron excitation. We present a study of the radiative 3p
→1s (Kb) transition in MnO after photoionization ~PI! and
in 55Fe2O3 after radioactive orbital electron capture decay
from the K shell ~KC!. In both compounds, the metal is in an
octahedral environment and has a 3d5 valence electron con-
figuration in the ionic approximation. The paper is organized
as follows: First, a few remarks are made concerning
electron-capture decay as an alternative mode of core hole
creation compared to photoionization and some earlier K
capture studies are summarized. The theoretical approach is
outlined in Sec. II with emphasis on the treatment of the core
hole effect depending on the mode of excitation. Experimen-
tal details are given in Sec. III and the calculations are de-
scribed in Sec. IV. Theoretical and experimental results are
compared in Sec. V.
A. Orbital electron capture
Electron capture is a process closely related to nuclear b
decay that competes with positron emission.17,18 An orbital
electron is captured by the nucleus yielding a neutron that
remains in the nucleus and an escaping electron neutrino.
The atomic number of the daughter nucleus is decreased by
one while the atomic mass number is unchanged: ZA1e2
→(Z21)A1ne ~Fig. 1!. The capture rate depends on the
FIG. 1. K capture in 55Fe and 1s photoionization in Mn. Both
processes result in an ion that has a Mn (Z525) nucleus and a hole
in the 1s shell.04510probability of finding the electron inside the nucleus and is
therefore largest for 1s electrons. 55Fe decays into the
nuclear ground state of 55Mn. Thus, only gamma emission
due to the inner bremsstrahlung generated by the ‘‘falling’’
of the captured electron into the nucleus is emitted that does
not measurably contribute to the background in the energy
range of the x-ray emission following the decay of the re-
sulting vacancy in the electron shell. The Q value of the
electron capture decay of 55Fe is 231.6 keV ~Ref. 19! and the
recoil energy of the nucleus is calculated to 0.523 eV. Within
the lifetime of the 1s core hole (;10215 s) ~Ref. 20! the
distortion of the crystal lattice due to the nuclear recoil is not
expected to have any influence on the K fluorescence spectra.
B. Earlier K capture studies
In a low-resolution experiment Hansen et al. measured
the K fluorescence emission after K capture over an extended
range in Z using Ge~Li! and Si~Li! detectors,
respectively.21,22 The Kb/Ka ratio was found to be typical
for the element in accordance with relativistic theoretical cal-
culations by Scofield.23 Hansen et al. obtained a better agree-
ment with theory in KC experiments than earlier high-
resolution PI experiments and explained the deviations in the
PI studies with experimental difficulties. It was later pointed
out by several authors that the Kb/Ka ratio depends on the
mode of excitation as well as on the chemical
environment.24–29 Mukoyama recently was able to explain
the differences in V and Cr compounds theoretically by tak-
ing a higher M-shell shake-up and shake-off probability in PI
than in KC into account.30
There are only few high-resolution studies of the Kb
emission in transition metals after K capture, presumably be-
cause a very strong radioactive source used to be necessary
in order to obtain count rates sufficiently above the back-
ground noise. Schnopper et al. compared high-resolution Kb
spectra from a metallic 1 Ci 55Fe source with PI spectra of
metallic Mn.31,32 He discussed the probability of producing
states of multiple excitation and ionization by readjustment
after PI but within the experimental error he did not observe
any differences in the spectra. Borchert et al. studied the
x-ray emission in Au and Ho after K capture and after PI,
and they observed relative shifts of the emission
energies.33,34 Dem’yanchuk et al. repeated the experiment on
metallic 55Fe and reported a 0.6 eV shift of the K capture
Kb1,3 line relative to the x-ray excited line.35 Recent results
by the present authors in an improved experimental setup
using a 5 mCi metallic 55Fe source showed in accordance
with Schnopper that the Kb main lines for both excitation
modes occur at the same energy within the experimental
error.36 Furthermore, in the latter study the Kb main line for
metallic 55Fe after KC was found to be narrower than for
metallic Mn after PI. In this paper, we propose a theoretical
explanation for this narrowing in insulators but similar argu-
ments can be applied to metals.
It shall be noted that changes in the nucleus ~isotope ef-
fect, nuclear excitation! can influence the K fluorescence
emission besides the mode of excitation and the chemical
environment. Borchert et al. used K capture decay in9-2
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nuclear finite-size effect and the magnetic hyperfine
structure.37 He pointed out that the expected shifts are on the
order of 1022 to 1023 of the natural linewidth of the 1s
excited state. In the case of 55Fe this would result in a 1–10
meV shift, which is beyond the resolution of the crystal spec-
trometer employed in the studies presented here.
II. THEORY
A. Atomic multiplets and short range model
Kb fluorescence can be described as a two-step process as
illustrated in Fig. 2 using atomic configurations. The 1s in-
termediate state (1s3d5) is created either by photoionization
or by a capture process. The 1s hole is filled by a 3p elec-
tron and the Kb fluorescence lines are emitted. The final
state has a hole in the 3p shell (3p53d5). The intermediate
as well as the final state are split into sublevels due to spin-
orbit and electron-electron Coulomb interaction. In an
atomic picture, the ground state of Mn21, where only the 3d
shell is unfilled, has 6S symmetry and no spin-orbit splitting
is present. In the intermediate state the 1s hole (2S) couples
to the 3d electrons to give 5S and 7S terms separated by the
(1s ,3d) exchange interaction. In the following these two
states together will be addressed as the low-lying 1s inter-
mediate state. In the final state a 3p hole (2P) couples to the
3d electrons.
When a 3p hole is created, nondiagonal electrostatic ma-
trix elements can cause a spin flip in the 3d shell giving a 4P
and a 4D besides the 6S 3d parent term.15,38 In atomic cal-
culations, only the 4D term shows considerable intensity.15
Together, with the dipole selection rules for optical transi-
tions one obtains (6S) 5P , (6S) 7P , and (4D) 5P for the
final states, where the LS term in brackets refers to the sym-
FIG. 2. Atomic term scheme for 1s photoionization and Kb
fluorescence emission. The term in parenthesis denotes the 3d par-
ent term. Only the three final states with the strongest intensities are
shown.04510metry in the 3d shell. The (6S) 7P and (6S) 5P terms are
split by the strong (3p ,3d) exchange interaction and spread
over 15 eV. The (3d ,3d) direct interaction separates the (6S)
7P term from the (4D) 5P term. The (6S) 5P state is often
referred to as the low-spin component because the unpaired
spins of the 3d shell are opposite in sign to the spin in the 3p
shell.
A cubic crystal field is introduced as a perturbation acting
on the 3d orbitals. The fivefold degeneracy is lowered to two
distinct representations of T2g and Eg symmetry. The two
levels are separated by the cubic crystal field strength 10 Dq.
The S term of the ground state under SO3 symmetry trans-
forms into A1g in the octahedral symmetry Oh of the cubic
crystal field. If Dq/B<2.8 where B is the Racah parameter
@B5(9*Fdd2 25*Fdd4 )/441# the ground state configuration is
t2g
3 eg
2 with 6A1g symmetry as can be seen from the Tanabe-
Sugano diagram.39 It has been found theoretically and ex-
perimentally that the crystal-field strength only has a minor
effect on the spectral shape of the Kb emission as long as a
high-spin configuration in the valence shell is maintained.40
So far, the model describing the Kb fluorescence is an
one-electron picture and electron correlation is only partly
taken into account in the self-consistent field calculations by
considering the Pauli exclusion principle. Hence, the mode
of excitation ~PI or KC! does not have any effect on the
spectral shape. In the following approach, we treat electron
correlation as configuration interaction in the framework of
the short range or Anderson impurity model.41 The metal d
electrons are assumed to be localized at an energy ed and the
ligand p electrons delocalized in a band with mean energy
ep . Configuration interactions of the form u3d5&1u3d6L&,
where L describes a ligand hole, are included in the calcula-
tions to account for ligand-to-metal charge-transfer. The
charge-transfer energy D that separates the centers of gravity
of the multiplets of each configurations is defined as: D
5E(dn11L)2E(dn).
The configurations 3d5 and 3d6L are mixed by a hopping
term V that generates a bonding and antibonding combina-
tion. The hopping term V is dependent on the symmetry. In
an octahedral surrounding two hopping terms exist, T(eg)
and T(t2g), respectively, mixing Eg symmetry and T2g sym-
metry ligand wave functions. The lowest-energy combina-
tion forms the true ground state that will be a linear combi-
nation of the form au3d5&1bu3d6L&. From band structure
calculations it is found that T(eg) is approximately two times
the value of T(t2g).42
B. Core hole effect
When a core hole is created upon photoionization the
electrons adjust to the new potential. For 3p and 3d elec-
trons the effective nuclear charge changes by approximately
one.43 The Hamiltonian describing the system relaxes from
H0 in the ground state to H1 in the 1s intermediate state
during the time tH . The relaxation time tH is approximately
two orders of magnitude shorter than the lifetime of the 1s
hole.44 Relaxation can thus be treated as instantaneous for
the K fluorescence decay.9-3
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tron perturbing the electron shell.32 He concluded that this
would cause a reversible deformation of the wave function of
the bound electrons during the time of transit of the photo-
excited electron through the orbital electron shell. Again, this
would occur on a time scale much faster than the lifetime of
the 1s hole. We can therefore treat the final state of a 1s
photoionization as the fluorescence initial state for the Kb
emission if we assume that high-lying 1s intermediate states
do not decay to lower 1s intermediate states before the 1s
vacancy is filled. This point will be addressed more detailed
in Sec. V.
In the case of photoionization, the core-hole–d-electron
Coulomb attraction energy Qcd changes the relative ordering
of the 1s3d5 and 1s3d6L configurations in the intermediate
and in the final state ~Fig. 3!. The 1s3d6L charge transfer
states are positioned below the 1s3d5 states giving a change
in the population of the two configurations when a core hole
is created. It is interesting to note that Hansen calculated ab
initio for Mn atoms that the 3d6(5D)4s 6D term shifts be-
low the 3d54s2 6S term when a 3p electron is removed.15
This demonstrates the analogy between 4s to 3d shake-down
processes in atoms and ligand-to-metal charge transfer in
molecules and solids.
To illustrate the effect of this reordering we write the
ground state as fg5sin(a)u3d5&1cos(a)u3d6L&. The excited
states are then f i15sin(b)u3d5&1cos(b)u3d6L& and f i2
52cos(b)u3d5&1sin(b)u3d6L&. The intensity of the main
peak is given as cos2(b2a) and the satellite equals sin2(b
2a). This implies that charge-transfer satellites occur when
the two configurations reorder. No satellites occur when the
population of the two configurations does not change.
The energy splitting between the bonding and the anti-
bonding combination mainly depends on the hybridization
and the splitting of the two configurations in the final state of
the photoionization as will be shown in Sec. V.
Following Slater,43 we assume that electrons from 1s and
3p orbitals screen one nuclear charge in the effective poten-
tial of 3d electrons. When the 1s electron is captured by the
FIG. 3. Term scheme for the Kb emission including two con-
figurations. The ordering of the configurations changes after PI and
remains unperturbed after KC.04510nucleus ~KC! and the 1s vacancy is subsequently filled by a
3p electron, the effective nuclear charge experienced by the
3d electrons can be assumed to remain unchanged. The core-
hole-d-electron Coulomb attraction Qcd is almost completely
canceled by the decrease in the atomic number Z. Hence, the
order of the configurations remains as it was in the ground
state ~Fig. 3! and only the lowest 1s intermediate state is
populated. The change of the core hole from 1s to 3p only
has a small effect on Qcd (’0.5 eV).45 Calculations for
several values of Qcd show that this change can be neglected
for the Kb fluorescence. In Sec. V, it is shown how this
reordering of the screened (1s3d6L) and unscreened
(1s3d5) level effects the shape of the Kb emission.
The 1s intermediate state is reached from the ground state
via the dipole operator in the photoionization experiment. A
full treatment of the electron capture decay would involve
the nuclear orbital electron capture decay transition operator
that acts on the nucleus as well as on the electron shell. As
described earlier, apart from the nuclear charge, we can ne-
glect all changes in the nucleus. The effect of the electron
capture transition operator on the electron shell is that it an-
nihilates a 1s electron. Assuming that in the KC process, the
outer shells are not affected, the energy separation of the 3d5
and 3d6L configuration does not change. The effect of the
1s core hole on the electron shell is accounted for in the
ligand field multiplet theory as described before. The inter-
mediate states are split by the (1s ,3d) exchange interaction
and populated according to their statistical weight, i.e., 7:5
for the 7S and 5S final states, respectively.
III. EXPERIMENTAL DETAILS
A. Sample preparation
The 55Fe was purchased from NEN Life Science products
~Product # NEZ043! as Fe~III! in a 0.5M HCL solution with
a specific activity of 45.3 mCi/mg. 55Fe2O3 was prepared by
first spiking 0.05 mL of 55Fe ferric nitrate solution into 13.6
mg stable reagent grade Fe(NO3)3"9H2O dissolved in 1-mL
H2O. NH4OH ~2M! was then added dropwise to complete
the Fe(OH)3 precipitation. The Fe(OH)3 precipitate was
centrifuged, washed twice with 2 mL H2O, dried under a
heat lamp, and heated further to cause transformation to
Fe2O3. The resulting material was loaded into a 5x1x1 mm3
groove of a small aluminum plate. In order to seal the radio-
active material the sample holders were wrapped in Kapton
foil. The measured activity of the sample was ’0.5 mCi.
MnO ~99.5%! was used as received from Alfa/AESAR.
For the x-ray emission measurements, the MnO was loaded
into a similar aluminum sample holder and wrapped in Kap-
ton foil. During the PI measurement, the MnO sample was
kept at room temperature. In previous experiments, we ob-
served no significant radiation damage in MnO, and thus,
sample cooling was not necessary.
B. Fluorescence experiment
The x-ray excited Kb spectra were taken on the wiggler
beamline 10-2 at the Stanford Synchrotron Radiation Labo-
ratory. The synchrotron radiation was monochromated using9-4
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cylindrical mirror. The incident photon flux was recorded
with an N2 filled ion chamber. The excitation energy was set
at 9140 eV, well above the Mn K edge in order to avoid
post-collision interaction ~PCI! effects. At this energy, the
incident flux was on the order of 1011 photons/sec.
For both the x-ray excited, as well as the K capture mea-
surements, the same multicrystal array spectrometer was em-
ployed to measure the Kb emission. The spectra are re-
corded in a backscattering geometry using the Si~440! Bragg
reflection from eight spherically bent crystals arranged in a
Rowland geometry with the Rowland circle lying in a verti-
cal plane. A Ge detector centered in the common focus of the
eight crystals measures the fluorescence intensity. A He bag
encloses the entire emitted beam path. In order to minimize
the background ~primarily from elastic scattering! lead
shielding is used around the sample and a 3*15 mm lead slit
is placed in front of the detector. The Ge detector is used to
window out inelastically scattered x rays and so to improve
the signal to noise ratio. A detailed description of the instru-
ment is available.46
Absolute energy calibration of the spectrometer is
achieved by measuring the angle between the sample and the
center of the crystals and using the known d spacing for Si
(5.4309 Å) with Bragg’s law. We give an upper limit for
the error of the absolute energy calibration to 1 eV.
For comparison of the two different spectroscopic tech-
niques (K capture and photoionization!, relative energy cali-
bration, as well as constant energy resolution, are crucial
aspects of the experimental procedure. For the x-ray excited
measurements, a well-defined excitation beam was obtained
by placing a 1 mm vertical by 2 mm horizontal slit in front of
the samples. An ion chamber filled with N2 was placed be-
hind the slit to measure the incoming photon flux. The entire
experimental apparatus could be adjusted vertically in order
to compensate for vertical movements of the synchrotron
beam and thus maintain the energy calibration. To switch
from the x-ray excited to the K capture measurement, the
synchrotron beam position on the sample was first deter-
mined, defining the source volume of the spectrometer. The
radioactive source was then placed into the source volume
with an estimated vertical accuracy of 0.2 mm. This trans-
lates into an error for the relative energy calibration of 0.15
eV.
The overall energy resolution of the spectrometer can be
separated into an intrinsic band-width DEint of the crystals
and geometrical contributions DEgeo that depend on the ex-
perimental setup. DEint is the same for the x ray and the K
capture measurements because the same crystals were used.
DEgeo is mainly determined by the horizontal and vertical
dimensions of the emitting sample surface. As mentioned
above the surface of the radioactive sample was 1 mm high
by 5 mm wide. For the synchrotron experiment the 1 mm by
2 mm excitation beam hit the sample at an angle of 25°
relative to the normal on the sample surface giving an emit-
ting surface 1 mm high and approximately 5 mm wide. Thus,
the resulting energy bandwidth of the fluorescence spectrom-
eter was ’0.7 eV for both the x-ray excited as well as the K
capture experiment.04510To avoid detector pileup effects, the count rate detected
by the Ge detector at the strongest fluorescence peak (Kb1,3)
was maintained at ’20 000 cts/s in the x-ray excited mea-
surements by placing an aluminum filter in the SR beam
path. The 0.5 mCi radioactive sample yielded 10 cts/s in the
main peak.
IV. CALCULATIONS
A. Crystal-field multiplet calculations
The single-configuration electron-electron Coulomb inte-
grals ~Slater integrals! and the spin-orbit parameters were
calculated within the Hartree-Fock limit using the code de-
veloped by Cowan.7 The results are summarized in Table I
together with the values used for the charge-transfer energy
D and the core-hole–d-electron attraction Qcd . For the
3p53d5 (3p53d6L) final-state configuration the Fdd2 , Fdd4
and Fpd
2 direct and the Gpd
1 and Gpd
3 exchange integrals were
calculated as well as the z3p spin-orbit coupling. The Cou-
lomb integrals Fpd and Gpd were scaled down to 70% of
their single configuration values in order to account for intra-
atomic configuration interaction effects.7 The scaling was set
such that the Kb1,3-Kb8 separation observed in the K cap-
ture experiment was approximately reproduced in the calcu-
lated spectrum. The same scaling was then used for the PI
and the KC calculations. For the calculation of the 1s inter-
mediate states, the 1s3d5ep and 1s3d6Lep channels were
TABLE I. Parameters used in the charge-transfer calculations.
For all configurations V(eg) was set to 2.0. V(t2g) is half this value.
For each state, the separation of the two configurations (D or
D-Qcd) is given in the third column. All configurational parameters
are given in ~eV! units.
Ground State 3d5 D57.0 a 3d6L
D53.5 b
zd50.04 zd50.04
Fdd
2 510.32 Fdd
2 59.07
Fdd
4 56.41 Fdd4 55.59
Intermediate State 1s3d5 D-Q1s3d522 a 1s3d6L
D53.5 b
zd50.06 zd50.05
Fdd
2 512.12 Fdd
2 511.05
Fdd
4 57.58 Fdd4 56.87
Gsd
2 50.06 Gsd2 50.05
Final State 3p53d5 D-Q3p3d522 a 3p53d6L
D53.5 b
zd50.05 zd50.04
zp50.80 zp50.77
Fdd
2 511.47 Fdd
2 510.43
Fdd
4 57.18 Fdd
4 56.49
Fpd
2 512.40 Fpd
2 511.64
Gpd
1 515.40 Gsd1 514.50
Gpd
3 59.38 Gsd3 58.75
aPI in MnO.
bKC in Fe2O3.9-5
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tron with the ionized atom was considered.
The measured values for the crystal-field splitting given in
the literature are 0.8 eV for MnO and 1.45 eV for Fe2O3,
respectively.2,47 In order to compare MnO and Fe2O3 di-
rectly we used a common value of 1.0 eV in the calculations.
The use of the published values for MnO and Fe2O3 will not
visibly affect the spectral shape.
For the charge-transfer energy D and the core-hole–
d-electron Coulomb attraction Qcd we followed the results of
Bocquet for 2p XPS ~Ref. 48! and used D57.0 eV and
Qcd59.0 eV for MnO and D53.5 for Fe2O3 ~no Qcd value
was used for Fe2O3). Q1s3d was set equal to Q3p3d . The
hopping term T was set for both compounds to 2.0 eV for the
eg orbitals and to 1.0 eV for the t2g orbitals. The Eg hopping
term identifies with the pds hybridization and the T2g hop-
ping term with the pdp hybridization.
For the PI, as well as the KC calculations, the same total
energy for the final-state configuration was assumed, i.e., the
‘‘center of mass’’ of the multiplet is identical in both cases.
B. Lifetime broadening
For an accurate treatment of the lifetime broadening, one
has to include the lifetime of the final state besides the life-
time of the 1s intermediate state. The final states mainly
decay non-radiatively via a Coster-Kronig ~CK! or a super-
Coster-Kronig decay ~sCK!.12 Calculations by several au-
thors showed that the decay rates strongly depend on the
multiplet term of the final state and they could successfully
explain the suppression of the low-spin components in the
3p XPS of atomic Cr and Mn and in the Kb spectra of Mn
compounds.12,15 For the latter, satisfactory agreement was
achieved for MnO and MnF2 between theory and experiment
by assuming a linear relation (0.2v FWHM! between the
final-state energy and the lifetime broadening of the final
states. Hansen et al. obtained 0.13 eV and 2.5 eV FWHM
including CI for the 3p53d5(6S) 7P and 5P final states of
atomic Mn, respectively.15 They found a considerable de-
crease in the final state lifetime in CI calculations over
single-configuration calculations for Mn atoms.
From Fig. 3, one can expect that the final-state lifetime
broadening is different for KC than for PI. The core-hole–
d-potential pulls the configurations closer together and in-
verts the order of the two configurations suggesting stronger
CI for PI than for KC. The charge-transfer calculations give
85.4% 3d5 and 14.6% 3d6L for KC and 42.1% 3d5 and
57.9% 3d6L for PI. Furthermore, a sCK decay is forbidden
for the septet of a 3p53d5 configuration, while it is allowed
for a 3p53d6L configuration. Considering these qualitative
arguments we discuss in Sec. V whether a different final-
state lifetime broadening has to be taken into account in
order to explain the experimental results.
V. RESULTS AND DISCUSSION
The experimental Kb spectra of MnO after x-ray excita-
tion and 55Fe2O3 following K capture are compared in Fig.045104. The energy range of the 3p to 1s transitions is shown with
the sharp Kb1,3 peak at higher-fluorescence energies and a
broad Kb8 structure at lower-fluorescence energies. The
spectral intensities have been normalized to each other in the
maximum of the Kb1,3 peak. The energy scale is the mea-
sured fluorescence energy and the spectra were not shifted in
energy with respect to each other. A constant background
was subtracted from the KC spectrum but not from the PI
spectrum because of the very good signal to background ra-
tio in the latter case.
The two spectra nearly coincide on the low-energy side of
the Kb8 structure. The Kb8 peak is slightly weaker and
shifted to lower energies for 55Fe2O3, and the MnO PI spec-
trum shows considerably more intensity between Kb8 and
Kb1,3 . The Kb1,3 peak appears sharper for KC and shifted to
higher-fluorescence energies. Furthermore, the MnO PI spec-
trum shows more intensity in the high-energy tail of the
Kb1,3 line.
The calculated 1s intermediate states for MnO after PI
and 55Fe2O3 following KC are shown in Fig. 5. The solid
curves are obtained by convoluting the line spectra with a
Lorentzian function ~1.16 eV FWHM! reflecting the lifetime
of the 1s hole.20 Two final states split by the weak (1s ,3d)
exchange interaction and populated according to their statis-
tical weight are reached after the KC decay that merge into
one peak due to lifetime broadening. This peak corresponds
to the 1s intermediate state bonding configuration. The anti-
bonding combination is not populated because the ordering
of the 3d5 and 3d6L is assumed to remain unchanged.
Two strong features separated by ’6.8 eV appear in the
1s intermediate states after PI. The core-hole potential gives
a reordering of the levels with the 1s3d6L configuration 2
eV below the 1s3d5 configuration. This reordering transfers
intensity to the antibonding combination that appears as a
satellite at higher-binding energies. To illustrate the influ-
ence of the charge-transfer energy D and the hopping term V
on the splitting between the bonding and the antibonding
combination, we calculated the splitting for different param-
FIG. 4. Experimental Kb spectra for MnO ~solid line! and
55Fe2O3 ~dashed line!. The instrumental broadening is ’0.7 eV.9-6
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is reduced to 3.6 eV while an increase of the separation of
the two configurations (D) from 2 eV to 8 eV results in an
increase to 8.3 eV of the bonding-antibonding splitting.
In the following, we will refer to the two strong features
as the low- and the high-lying 1s intermediate state, respec-
tively. Other weakly populated intermediate states can be
neglected for the present discussion.
The calculated Kb spectra are shown in Fig. 6. The en-
ergy scale is shifted to coincide with the experimental fluo-
rescence energies. The 55Fe2O3 KC spectrum was calculated
using the one populated 1s intermediate state while for the
MnO PI spectrum, two Kb spectra were calculated corre-
sponding to the two strongly populated 1s intermediate
states. All spectra were convoluted with a 1.16 eV FWHM
Lorentzian to account for the 1s lifetime broadening and a
0.7 eV FWHM Gaussian for the instrumental broadening. To
account for the term-dependent final-state lifetime broaden-
ing we followed the procedure suggested by Taguchi et al.12
and assumed a linear increase of the final-state lifetime
broadening towards lower-fluorescence energies (20.2v
FWHM!. We chose 0.4 eV as the starting value for this lin-
ear increase at the final state with highest-fluorescence en-
ergy. This value is motivated by the value for atoms ~0.13
eV! assuming shorter lifetime in the solid. The final-state
lifetime broadening applied to the spectra is shown in Fig.
6~d!.
The shoulder on the low-energy side of the Kb1,3 peak in
the 55Fe2O3 KC spectrum is due to a multiplet term with a
recoupled 3d shell. The calculated spectrum for PI in MnO
shows that the intensity in the recoupled term is reduced as a
result of the core-hole–d-electron potential and the inclusion
FIG. 5. Calculated 1s intermediate states for ~a! PI and ~b! KC.
A 1s XPS charge-transfer calculation was performed for PI. The
intermediate states after KC are reached via annihilation of a 1s
electron. The two configurations reorder in ~a! due to the core-hole
effect while the ground-state splitting is maintained in ~b!. The stick
spectra are convoluted with a 1.16 FWHM Lorentzian to account
for the 1s lifetime.04510of charge transfer because the 3d6L configuration shifts be-
low the 3d5 configuration.
The splitting between Kb1,3 and Kb8 is due to the
(3p ,3d) exchange interaction as described in Sec. II. The
splitting appears reduced in the PI experiment compared to
the KC data. The magnitude of the splitting depends on the
number of unpaired spins in the 3d shell. The final states
after PI have a stronger 3d6L admixture than the final states
after KC. This means that the net spin in the 3d shell is
reduced due to the core-hole effect in PI and the splitting
between Kb1,3 and Kb8 is smaller in PI than after KC. Be-
sides this real reduction of the exchange splitting, there is an
apparent reduction of the splitting of the two peaks because
of additional final states between the two peaks that are
populated after PI ~Fig. 6!.
In order to quantify the results, we reduced the spectra to
their 1st (M 1), 2nd (M 2), and 3rd moments (M 3) defined
as M 15(ciei /(ci , M 25(ci(M 12ei)2/(ci, and M 3
5(ci(M 12ei)3/(ci where ci is the count rate at energy ei .
An energy range has to be picked for the moment calcula-
tions. We chose the energies at 50% of the maximum Kb1,3
intensity as the upper and lower limit for the energy range.
For the Kb1,3 peak all three moments were calculated. For
Kb8 only the first moment (M 18) was calculated using an
energy range that includes intensities down to 70% of the
FIG. 6. Calculated Kb spectra for ~a! KC in 55Fe2O3 and ~b!,~c!
for MnO after PI. For the latter, part ~b! shows the spectrum result-
ing from the low-lying 1s intermediate state, while ~c! shows the
spectrum resulting from the high-lying 1s intermediate state. The
final state ( f s) lifetime broadening applied to the spectra is given in
~d!.9-7
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the ‘‘center of mass,’’ while the second moment is related to
the width and the third moment to the asymmetry of the
spectral feature.
The results for the experimental as well as the theoretical
spectra are summarized in Table II. The energy scale for the
theoretical spectra was shifted such that M 1 for 55Fe2O3 co-
incides with the experimental value. The other parameters in
Table II are not effected by this shift. The first moment for
Kb8 was used to determine the difference M 1-M 18 between
Kb1,3 and Kb8. The statistical errors have been calculated
for the experimental spectra and found to be negligible
within the accuracy given in Table II. Hence, only for M 1, an
error is given due to the uncertainty in the relative energy
calibration.
The experimental values in Table II confirm the results
from a visual inspection of the spectra: M 1 is shifted to
lower energies for MnO PI, M 2 is about twice as large and
M 3 for MnO PI is about ten times as large as the correspond-
ing values for 55Fe2O3 KC. The difference M 1-M 18 is by 1.7
eV smaller for MnO PI.
The good agreement of the theoretical values for 55Fe2O3
KC for M 2 and M 1-M 18 with the experiment is due to the
adjustment of the parameters for the final-state lifetime
TABLE II. Experimental and calculated moments for MnO and
55Fe2O3. Four sets are given for MnO after PI. In ~a! and ~b!, the
same final-state lifetime broadening as for 55Fe2O3 after KC was
applied. Only the low-lying 1s intermediate state is included in ~a!,
while in ~b!, both 1s intermediate states are included. In ~c! and ~d!,
a greater final-state lifetime broadening was applied. In ~c!, only the
low-lying 1s intermediate state is included, while in ~d!, both 1s
intermediate states are included. The statistical errors are smaller
than the accuracy given in the Table. The error for M 1 in MnO is
due to the experimental uncertainty for the relative energy calibra-
tion.
M 1 a M 2 M 3 M 1-M 18
@eV# @1021 (eV)2# @1021 (eV)3# @eV#
Experiment
55Fe2O3 0 4.33 20.13 16.50
MnO 20.56(15) 8.69 21.35 14.80
Theory
55Fe2O3 0 b 3.89 20.11 16.34
MnO
~a! 20.31 b 4.23 20.18 15.63
~b! 20.37 b 5.42 20.49 15.50
~c! 20.40 b 6.56 20.47 15.50
~d! 20.51 b 8.72 21.20 15.31
a26492.08 eV.
bShifted such that M1 of theoretical 55Fe2O3 spectrum coincides
with experiment.04510broadening and the scaling of the Coulomb integrals. The
asymmetry M 3 is well reproduced in the theoretical spec-
trum.
Four different cases for the MnO PI calculations are con-
sidered. The parameters in ~a! only include the lowest 1s
intermediate state. This case already reproduces the correct
trend for all parameters. M 1 is shifted to lower energies,
Kb1,3 and Kb8 move closer together (M 1-M 18) and the spec-
trum is broader and more asymmetric than for KC. The pa-
rameters in ~b! were obtained from the MnO Kb spectrum
that includes both strong 1s intermediate states. The high-
lying 1s intermediate state broadens the spectrum on the low
energy side resulting in a considerable increase for M 3. The
agreement with experiment is better for all parameters. In ~a!
and ~b!, we assumed the same final-state lifetime broadening
for KC and PI.
In order to investigate the influence of the final-state life-
time broadening, we determined the moments for a different
broadening in MnO PI. In Table II ~c! and ~d! we assumed
0.9 eV FWHM instead of 0.4 eV FWHM at high fluores-
cence energies and assumed the same linear increase of the
broadening with decreasing fluorescence energy (20.2v
FWHM!. The results for the moments including only the
lowest 1s intermediate state are shown in Table II ~c!. The
FIG. 7. Calculated Kb spectra after PI in MnO ~solid lines! and
KC in 55Fe2O3 ~dashed lines!. The KC spectra are the same in all
four cases while four different MnO PI spectra are shown. In ~a!
and ~b! the same final-state lifetime broadening was applied. Only
the low-lying 1s intermediate state is included in ~a!, while in ~b!,
both 1s intermediate states are included. In ~c! and ~d!, a greater
final-state lifetime broadening was applied. In ~c!, only the low-
lying 1s intermediate state is included, while in ~d!, both 1s inter-
mediate states are included.9-8
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all parameters compared to case ~a! with equal final-state
lifetimes for KC and PI.
At this point, it is tempting to further increase the final-
state lifetime broadening in order to further improve the
agreement with experiment. However, it is not possible to
achieve good agreement for M 2 and M 3 simultaneously. A
final-state lifetime that would bring M 2 of the theoretical
spectrum to match with the experimental spectrum would
result in a strong deviation between theory and experiment
for M 3.
In Table II ~d! the same lifetime broadening as in ~c! was
used, but now the high-lying 1s intermediate state was in-
cluded for the calculation of the Kb spectrum. M 1 , M 2, and
M 3 are now very close to the experimental values while
(M 1-M 18) is still off by 0.51 eV. This case gives the best
agreement between theory and experiment for all four pa-
rameters.
The spectra corresponding to the four cases ~a!–~d! are
shown in Fig. 7. The different MnO PI spectra are compared
to the same 55Fe2O3 KC spectrum. The experimental results
from Fig. 4 are best reproduced for case ~d!. We therefore
conclude that both effects, high-lying 1s excited states, as
well as different final-state lifetime broadening, have to be
taken into account in order to explain the differences be-
tween KC and PI.
An alternative approach to explain the differences be-
tween KC and PI would be to calculate the intensities and
fluorescence energies for states with shake-off configura-
tions. Measurements by the present authors of KLb
(L-shake-off! lines suggest that the fluorescence energies for
shake-off transitions can be estimated using a simple Z11
model. This model yields higher-fluorescence energies for
the shake-off lines than for the Kb lines. Thus, shake-off
transitions would result in a broadening on the high-energy04510side of the Kb1,3 in contradiction to the experimental obser-
vation.
VI. CONCLUSION
The influence of the core hole on the Kb emission in
MnO and 55Fe2O3 was investigated by comparison of two
different modes of excitation. The differences between the
spectra can be understood in the framework of a ligand field
multiplet model including ligand-to-metal charge transfer.
The core-hole-d-electron potential causes a reordering of the
configurations after photoionization. This reordering does
not occur after K capture decay.
The calculations show that high-lying 1s intermediate
states are populated after PI. Best agreement between theory
and experiment is achieved by including the high-lying 1s
intermediate state as fluorescence initial state for the Kb
transition as well as assuming an increased final-state life-
time broadening after PI.
We showed that comparison of two modes of excitation is
a valuable method to investigate the effect of the core hole.
The differences cannot be explained in a single-electron pic-
ture. Comparison of the two spectroscopic techniques there-
fore offers a tool to evaluate the effect of electron correlation
in solids.
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